D URING the past few years the clinical entity, congestive heart failure, has been subjected to a great deal of physiologic reinterpretation. This reinterpretation has been due for the most part to the development of new technics for the study of circulatory dynamics, of renal dynamics, and of transfers of body water and electrolytes. It is now appreciated that this syndrome is one involving a complex series of events often occurring over a considerable period of time between the initiating factors and the final condition of venous congestion and edema of many tissues. Indeed, the lack of correlation between immediate and measurable abnormalities of cardiac function and the congestive state have led some writers to challenge the importance of the factor of "cardiac damage" and to speak of the state as "congestive circulatory failure" or simple "congestive failure." Nevertheless, as Starr1 points out, "congestive failure occurs with great frequency in persons with damaged hearts," and this fact strongly supports the conclusion that disease of the heart is either an initiating factor, or at least an important contributory factor, in the etiology of From the Chemical Section of the Department of Medicine and the Hospital of the University of Penn-.sylvania, Philadelphia, Pa. During this work, J. R. E. was Established Investigator of the American Heart Association; R. D. S. was Research Fellow of the Department of Medicine -supported by a grant from the National Heart Institute of the U. S. Public Health Service. 679 this syndrome. Our problem, therefore, is the elucidation of the events which lead from cardiovascular dysfunction on one hand to the edematous state on the other. From new data many investigators have emphasized especially the role of the kidney in the development of congestive failure, and impaired glomerular filtration has been considered by some to be the principal renal abnormality. Yet much evidence points as well to abnormal function of the kidney tubules, and this in turn suggests the possible involvement of the several endocrine glands which normally share in the regulation of renal tubular transfers of salt and water. The problem, therefore, devolves in part on ascertaining how the kidney operates in the regulation of the fluid balance of the body and how this regulation is disturbed in the condition of congestive failure.
Evidence is accumulating from the study of normal organisms that variations in the volume and composition of fluids in tissues other than the heart or kidney affect the fluid balance of the body. Intake (thirst and appetite) and renal output of water and electrolytes are so adjusted to each other that the volume of body fluids is maintained in a steady state. The means by which changes in the water and solute content of various tissues help to effect this homeostatic control of total body fluid volume are essentially unknown. Yet such knowledge would appear to be of paramount importance to the study of congestive failure. Furthermore, it is now recognized that the differential distribution Circulation, Volume I V, November, 1951 of solutes, and therefore of water, between cells and their surrounding mediums, are maintained by energy derived from metabolic processes within the cells.2 Any role which may be played by the state of fluid distribution in particular tissues, or in tissues ill general, in the fluid balance of the body, is inevitably linked to reactions which take place in the intracellular phase.
For these reasons it seemed advisable, ill unIdertaking an investigation of the distribution of body fluids in congestive failure, to consider in the light of present experimental evidence the various relationships which may obtain betwveen the circulation, the kidney, and the fluid content of other tissues, especially as related to cellular metabolism. Such theoretic consideratiois is undertakess ill the hope that it might place in proper perspective the role of abnormal fluid distribution as a cause as well as ans effect in the chain of evenits leading to the accumulation of edema.
The discussion of this complex problem is perhaps best accomplished by considering the evidence bearing on the following four questions: (1) What are the abnormalities of body fluid distributiots in congestive failure which are due to (a) the disease itself, or (b) attempted therapy (for example, mercurials)? (2) To what extent are these abnormalities ill conlgestive failure due (a) to changes in circulatory dynamics directly, (b) to changes inl renal funetioll, (c) to modifications of cellular metabolism? (3) Do these abnormalities in body fluid distribution in turn affect (a) circulatory function, (b) renal function? (4) If so, in what ways? Although the experimental evidence bearing on these questions is fragmentary, it is extensive enough to justify the opinion that, in addition to circulatory and renal dynamics, factors of cellular metabolism and tissue fluid distribution must be considered in the pathogenesis of congestive heart failure.
In view of these questions certain observations were made on patients with heart disease and edema. These observations are reported in the succeeding papers.'-' The data which are presented by no means provide the answers, but they do again emphasize that the questions outlined above are pertinent to the problem of (conigestive failure. DISTRIBUTION Given these disturbances of body fluid distribution in congestive heart failure, we turn to the second question, namely, how are they initiated by cardiovascular and renal dysfunction.
CIRCULATORY AND RENAL FACTORS IN EDEMA
This discussion deals with the type of congestive failure which develops over a prolonged period of time in patients with heart disease. It is recognized that congestive failure may develop acutely: (1) in cardiac patients as a result of a sudden redistribution of fluids without an increase in total body weight, for example, acute pulmonary edema; and (2) in patients without heart disease who in various ways acquire abruptly a large increment of total body water and salt. However, we are concerned with the patient with a damaged heart who accumulates edema more slowly, that is, who over a protracted period has a total output that fails to equal the total intake of fluids. In some manner this must result from a functional impairment of the damaged heart. "Backward failure" and "forward failu ue" have both been proposed to account for congestive heart failure. For many years the sequence of events as deduced from Starling 22 23 rests in part on evidence that fall in cardiac output, expansion of blood volume, and the development of edema may precede the rise in venous pressure in congestive failure, and in part on the demonstration of changes in renal hemodynamics. However, Peters12 has questioned the validity of the evidence for high blood volumes in this condition. He points out that in any case Starling's theory in regard to the distribution of fluid across the capillary membrane must obtain and challenges the primary place of the renal dysfunction in the sequence of events. Thus, the role of the changes in renal hemodynamics is still the subject of considerable controversy.
Neither "backward failiure" nor ".forwad.failure" accounts for the lack of correlation between the output of the heart and the development of congestive failure. These two theories have been based on the assumption that an absolute diminution in cardiac output to below the average normal range is the critical impairment of function in the diseased heart. Yet signs and symptoms resembling congestive failure are knownt to occur in the presence of abnormally high levels of cardiac output, as in beriberi and thyrotoxicosis.24 21 Decompensation and recompensation may occur in a patient with very little change in the level of cardiac output. 26 For these reasons other factors would appear to be involved which relate the output of the heart to (lemands which the body places upon it.
Disparity between the ouitput (of the heart and the metabolic demands of the body may be the basic cause of the signs and symptoms of congestive heart failure, including edema. This concept, stated by Altschule,27 is suggested to explain the lack of correlatioii between the absolute level of cardiac output and the degree of congestive failure. Such a concept receives further support from the observation that recompensation of the failing heart can occur when an unchanged or falling cardiac output is associated with a lowering of the basal metabolic rate.26 This demand on the heart by the body can be stated in terms of oxygen requirement, although other metabolic factors conceivably may be involved. Evidence has been presented by Little29 of inverse correlations between the degree of congestive failure and the ratio of oxygen supply to oxygen consumption, and also between central venous pressure and mixed venous oxygen tension. Briggs and associates26i
found that oxygen A-V differences decreased with recompensation. These observations sug- 68, 2 gest that lack of oxygen (hypoxia) in one or more areas of the body is a next step in the sequence leading to congestive failure. Whether or not hypoxia may influence directly at the cellular level the retention of fluid in tissues (see below), it at least has an effect on the general and regional dynamics of the circulation. Regional changes in circulation are known to result when the blood volume and oxygen supplY are inadequate for the entire body.30' 1 These regional dlifferelnces in circulation may inifluieni(ce the accumulationi of edema in a variety of ways, as set forth ill the last section of this paper. But diminished blood flow to the kidiiey-with consequent impairment of glomerular filtration has been considered by the proponents of "forward failure" to be the major factor in the development of congestive failure.
Dimiinished Berger and colleagues46 indicate that in the normal subject systemic anoxia accelerates rather than retards the excretion of sodium and water. However, these also were acute studies; protracted anoxia in certain cases has been associated with the accumulation of edema, which in turn was relieved by the administration of oxygen.1' 47 In fact, both the degree and the duration of anoxia must be considered before a clear cut idea can be entertained as to its effect on sodium metabolism. Again, the immediate receptor of this stimulus may be in the kidney or elsewhere. Perhaps alterations in the fluids of various tissues are shared by the tubular cells of the kidney and so directly effect tubular transfers of electrolytes and water. Thus, despite the many possibilities which have been considered, one of the key questions remaining unanswered is how the kidney tubular cells know how to regulate their transfers of electrolytes and water in terms of the distribution of fluids in tissues at a distance, and how this process functions abnormally in the patient with congestive heart failure.
In summary, it is apparent that much remains to be learned concerning the relative roles of cardiac and renal dysfunction in congestive heart failure. The absolute level of cardiac output does not correlate with the degree of edema, and cannot explain it on either a "backward" or a "forward failure" theory. An output of the heart which is inadequate in relation to metabolic demands would appear to be a primary factor leading to secondary changes in circulatory dynamics in several regions of the body. Body fluid distribution and circulatory system arc closely interrelated because of the role of the latter as the "mixing apparatus." There is an interrelationship between body fluid distribution and circulatory dynamics as well as between the former and renal function. Primary changes in the circulation may induce secondary changes in the distribution of body fluids, and vice versa. This is best understood if one considers the multicompartmental character of the body fluids. It is an error to conceive of the extra-and intracellular fluids as single homogeneous solutions contained, so to speak, in a beaker ( fig. IA) . The extra-and intracellular fluids are parts of many different tissues widely separated throughout the body, and are connected by extended lines of communication, the ciiculation (fig. 3) evidence that all parts of the body fluids are not readily accessible to renal regulation. Yet in the instances just set forth it appears to the authors that the integrity of the circulation stands between the fluids of peripheral tissues and the action of the kidney upon them. Hence circulatory dysfunction may lead to "prerenal deviation," at least in the sense that the time that is required for their regulation by the kidPrimary changes in the body fluids may affect the circulation; for example, sodium depletion causes diminution of cardiac output and renal blood flow. Changes in the body fluids which affect the circulation are also numerous and not completely understood. Obviously, alteration in the volume of that portion of the extracellular fluid contained within the vascular system, the plasma, is intimately related to circu-,Qtll latory function. Expansion of blood and plasma volume, as when whole blood or concentrated albumin is administered, may result in an increase in cardiac output in patients in shock63 and in renal blood flow in normal subjects. 64 A and B are the essential relationships of "forward" and "backward" failure. C introduces the possibility that a relatively inadequate output of the heart may modify cellular metabolism by failing to maintain an adequate supply of oxygen and other nutrients or to remove completely the products of catabolism. Given this last result of an inadequate cardiac output, a series of secondary relationships is postulated. In the first place, such a state of modified cellular metabolism may lead to alteration of effective blood flow and effective blood volume between various regions of the body. And in the second place, it may disturb the exchanges of electrolytes and water between the cells and extracellular fluid in various tissues. Such disturbances in turn may promote the edema of congestive failure by direct effect on the cardiovascular system and on the peripheral tissues, or indirectly by humoral effects on the kidney. Some of the possible sites of these cellular disturb-ances are diagrammatically indicated by the letters a to e in figure 3. Obviously we are dealing with a set of complex interrelationships in which secondary effects may further aug- Aside from influencing the blood flow to various regions of the body, modified cellular metabolism leading to disturbances in water and electrolyte content of the cell may be a secondary factor in the pathogenesis of congestive failure by a variety of mechanisms.
Secondary tissue fluid changes may affect directly function of the heart or peripheral vascular system ( fig. 3, a and b) . This possibility is supported by the hemodynamic response cited above62' 67 to the experimental depletion of sodium leading to hyponatremia and intracellular overhydration. Potassium depletion of the myocardium has also been reported to lead to acute congestive failure.68-70 However, it has not been established that such a vicious cycle occurs in the congestive failure attendant upon chronic valvular disease of the heart; coronary occlusion with myocardial infarction is a special case in this regard.
Increased renal tubular reabsorption of sodium and water is probably the result of secondary changes in the cells of the receptors of certain endocrine glands, or of changes in the renal tubular cells themselves ( fig. 3, c, d, e) . Evidence has been presented above for humoral factors which influence tubular transfers of water and electrolytes in congestive heart failure. If adrenal steroids are involved, their secretion requires a stimulatory mechanism, whether the pathway goes from the sympathetic nervous system through the secretion of epinephrine to the production of adrenocorticotropic hormone (ACTH) by the anterior pituitary gland, or whether the latter receives its stimulus from the central nervous system via the hypothalamus. In either case a receptor tissue ( fig. 3, d ) is probably stimulated in the normal subject by changes in the distribution of its water and electrolytes; in the subject with congestive failure the response may be altered by metabolic changes in the receptor tissue or by stimuli of a different nature, perhaps associated with stress. Antidiuretic hormone production by the posterior pituitary is initiated not only by central nervous system stimuli but by certain hypothalamic osmoreceptors as well ( fig. 3, e) .7' This is a clear example of fluid distribution in a remote tissue modifying renal function. The functions of these osmoreceptors and how they may he involved in congestive failure, at least under certain circumstances of therapy, are discussed below. Finally, in the light of present knowledge one can believe that renal tubular transfers are conditioned by factors present in the renal tubular cells themselves ( fig. 3, c) . These cells may share with those of peripheral tissues changes in volume and electrolyte composition resulting from altered metabolic processes. That such is the case in congestive failure, however, has not been demonstrated. The physiologic regulation of intake of water and electrolytes (thirst and appetite) is probably effected through certain tissue factors, such as cellular hydration ( fig. 3, f) . These regulating mechanisms appear to function in an abnormal way in congestive failure since the normal relationships of intake to output are maladjusted during the period of edema formation. Such may also be the case following prolonged administration of mercurial diuretics (see below).
Secondary changes in the peripheral tissues (muscle) may directly alter the exchange between cells in these tissues and the immediate internal environment, the interstitial fluid ( fig. 3, b) . Evidence has been presented that transfers of water into and out of cells may be effected without any primary change in extracellular tonicity and without any net transfer of solutes across the cell boundary, that is, by changes in effective osmolar concentration of the solutes within the cell. This evidence is of several kinds. In intact man and animals it has been shown experimentally72 13 that significant discrepancies may exist between the total water balance and the total sodium plus potassium balance of the body, discrepancies that, in the opinion of the authors, could only be explained by changes in the osmotic activity of solutes within the intracellular phase. In another type of experiment based on direct analysis of skeletal muscle before and after certain manipulations of extracellular fluid, a similar discrepancy was found between the observed transfers of water and those predicted from the transfers of base.74 75 Other workers76 have observed phenomena that are most easily explained by such a process. Presumably such a change in the osmotic activity of intracellular solutes is due to changes in the degree of dissociation of molecular aggregates. Such changes are most likely conditioned by metabolic processes. Hill77 has demonstrated that following stimulation of a frog's muscle, under anaerobic conditions, there is an increase in its total effective osmolar concentration and wshen oxygen is introduced into this system, the total osmolar concentration returns to its previous level. More recently, Robinson78 has found that transfers of water in slices of rat kidney cortex are dependent upon oxygenation. The "active process" of water transfer which he postulates is probably the process under discussion. Thus the evidence is strong for the view that metabolic processes not only condition differential exchanges of solutes across the cell boundary,2 but also changes in osmotic activity of solutes within the cell, and therefore that metabolic processes control the volume of intracellular water.
For these reasons it is not difficult to believe that such a factor as hypoxia, in congestive failure, might well condition directly the exchanges of fluid in the peripheral tissue ( fig.   3, g ) without a preliminary effect on either intake or renal output of salt and water. The possibility of such an occurrence is suggested by the observations47 mentioned above which related edema formation to anoxemia. Such transfers of fluid in the peripheral tissue would undoubtedly lead to secondary transfers elsewhere in the body but this fact should not detract attention from the possibility that the first transfer took place in the periphery.
Therapeutic measures in congestive failure may further modify the primary and secondary relationships listed in table 1; this is especially true of the prolonged use of mercurial diuretics. The already complex relationships of the physiologic and chemical factors in congestive failure may be further complicated by at least one therapeutic agent. Since mercury is an enzymatic poison because of its ability to combine with sulfhydryl groups, it is reasonable to look for its effects in congestive failure at the cellular level, that is, among the secondary relationships in table 1. The problem posed by the hyponatremic mercury-fast patient in congestive failure exemplifies the extreme complexity of the relationships of the physiologic factors involved. The remainder of the discussion is devoted to a consideration of this special aspect of congestive failure.
"Systemic" sodium depletion following prolonged mercurial therapy (the low-salt syndrome) may augment the circulatory and renal failure. Changes in composition of extracellular fluid with further deleterious effects in the circulation have been recognized for some time to occur in the presence of prolonged administration of mercurial diuretics. Klinghoffer79 described in four such patients the occurrence of hemoconcentration and azotemia. These findings suggested a contraction of plasma volume and an increased degree of renal insufficiency which probably was the result of a further drop in renal blood flow. Schroeder" has reported a series of patients with similar findings and with hypochloremia and hyponatremia, who responded to the administration of hypertonic solutions of sodium chloride. This condition in cardiacs he has designated as the "low-salt syndrome." Presumably these patients have a "systemic" sodium depletion and dehydration in the presence of localized or regional edema.
It is easily understood how this paradoxic situation can occur. During the administration of mercury which inhibits the tubular reabsorption of sodium, salt is lost from the only portion of the body fluids immediately available to the kidney, namely, the plasma flowing through it. If the circulation is adequate, edema fluid may be mobilized to replace the salt and water deficits of the circulating plasma, and diuresis ensues. If, however, for such reasons as impaired cardiac action, increased hydrostatic pressure due to gravity, hypoalbuminemia, that is, "prerenal deviation," the circulation is not able to effect a mass movement of fluid from the segregated pools of edema, then the rest of the "systemic" extracellular fluid is depleted, The hyponatremia of the low-salt syndrome should produce, in sequence: (1) intracellular overhydration; (2) inhibition of antidiuretic hormone production (through Verney's osmoreceptors) and inhibition of thirst; and (3) diuresis. The hyponatremia described as a cardinal sign of the low-salt syndrome implies a state of intracellular overhydration. This is a condition which in normal subjects is associated with inhibition of the antidiuretic hormone (ADH) 690) of the posterior pituitary and diuresis.7" It is pertinent, therefore, to speculate as to how the intracellular fluid may be altered in these circumstances and how such alteration might in turn affect the circulation and renal function.
Evidence is presented in the papers which are to follow that hyponatremia frequently occurs in patients with congestive failure and that it is usually associated with the administration of mercurial diuretics. In addition it is not always associated with the "low-salt syndrome" insofar as the latter is indicated by a successful response to hypertonic sodium solutions. If the removal of sodium from some portion of the body is not the major factor, some other mechanism must be invoked to account for the maintenance of a low concentration of sodium and total electrolyte in the body fluids in the presence of edema. 5C ). In our previous experiments on sodium depletion,62 it was found that the abolition of thirst did occur, but diuresis did not occur, apparently because of failure of the general and renal circulation. In the "low-salt syndrome" of systemic sodium depletion, this combination of circumstances should obtain (fig. 4) . The administration of hypertonic sodium solution should result in a diuresis of salt and water as the pattern of body fluids moves from that of relative sodium deficit ( fig. 5C ) in the direction of that of sodium excess ( fig. 5A ) provided that improvement of circulatory efficiency occurs before the production of antidiuretic hormone becomes too great. The lack of diuresis and the development of thirst in hyponatremic cardiacs suggests an altered response of cellular receptors which sets the total electrolyte concentration of body fluids at a new level; changes in osmotic activity of cellular solutes might produce such a result. For those edematous patients with hyponatremia who develop thirst but do not have a diuresis following the administration of hypertonic sodium solutions, an alternative mechanism may be hypothesized in the light of the above discussion. As already mentioned, indirect evidence has been presented in the past by ourselves and others72' 76 for the occurrence of changes in osmotic activity, or osmolarity, of solutes within the intracelluar p hase, changes which are independent of transfers to and from the extracellular fluid across the phase boundary. If a sufficient amount of intracellular solute, most readily quantitated in terms of the cation or base, were osmotically inactivated, water would pass from the cellular phase. Under these circumstances the total concentration of osmotically active electrolyte would be lowered throughout both phases ( fig. 6A) If such a process is operative in the hyponatremic cardiac, the results of therapy, at least in part, will depend upon the balance between improvement of the peripheral circulation and production of antidiuretic hormone. If the hyponatremia of an edematous cardiac is due to this mechanism rather than to the renal loss of sodium in excess of water, a different response to the administration of hypertonic sodium solutions would be anticipated. Such therapy should raise the extracellular concentration of electrolyte and cause further intracellular dehydration. If a systemic sodium depletion and vascular collapse is not being rectified, the only result should be increased antidiuretic hormone production and thirst even at hyponatremic levels ( fig. 6B ). On the other hand, the administration of water or hypotonic sodium solutions would expand the intracellular fluid volume and should so inhibit antidiuretic hormone production ( figure 6C ). This mechanism may be an important factor in the remarkable diureses reported by Schemm52 to be the result of the administration of water. Schemm has attributed the response to the reduction of an elevated total osmolar concentration within the cell due to nonelectrolyte solutes. This concept is difficult to accept in view of the experimental evidence that solutes, such as urea, which diffuse freely across cell membranes have no effect on either thirst83 or on antidiuretic hormone production.7" In any case, the hazard of the pure water treatment would seem to be that, while the intracellular volume is expanded, the tonicity or total electrolyte concentration of the body fluids is further depressed (figure 6C). Therefore, if this contributes to "systemic" sodium depletion and associated circulatory insufficiency, the benefit of any inhibition of antidiuretic hormone may be negated by collapse of the circulation.
In summary, it has been pointed out that in congestive failure alterations in fluid distribution in various tissues and organs may result from modification of cellular metabolic processes produced by circulatory dysfunction, and that such alterations may in turn affect secondarily circulatory and renal function. These secondary factors may be effective locally in the myocardium, the cells of the peripheral vascular system, the cells of the renal tubule, or the cells of peripheral tissues; they may condition intake and output of water and electrolytes through humoral mechanisms dependent upon stimuli in such tissues as the receptors of the anterior pituitary-adrenal cortex axis or in the osmoreceptors of the posterior pituitary gland. These secondary factors appear to be modified further by the therapeutic adminis- Changes in cellular hydration may be related to altered metabolic processes influencing the transfers of electrolytes and the osmotic activity of the solutes within the cells. Such changes occurring in the osmoreceptors of the posterior. pituitary would affect antidiuretic hormone production, and possibly the sensation of thirst. At least following the prolonged administration of mercurial diuretics, some such mechanism appears to set a new level of total electrolyte in body water.
